In temporomandibular joints (TMJs), the disc and condylar cartilage function as load-bearing, shock-absorbing, and frictionreducing materials. The ultrastructure of the TMJ disc and cartilage is different from that of hyaline cartilage in other diarthrodial joints, and little is known about their lubrication mechanisms. In this study, we performed micro-tribometry testing on the TMJ disc and condylar cartilage to obtain their region-and direction-dependent friction properties. Frictional tests with a migrating contact area were performed on 8 adult porcine TMJs at 5 different regions (anterior, posterior, central, medial, and lateral) in 2 orthogonal directions (anterior-posterior and medial-lateral). Some significant regional differences were detected, and the lateral-medial direction showed higher friction than the anterior-posterior direction on both tissues. The mean friction coefficient of condylar cartilage against steel was 0.027, but the disc, at 0.074, displayed a significantly higher friction coefficient. The 2 tissues also exhibited different frictional dependencies on sliding speed and normal loading force. Whereas the friction of condylar cartilage decreased with increased sliding speed and was independent of the magnitude of normal force, friction of the disc showed no dependence on sliding speed but decreased as normal force increased. Further analysis of the Péclet number and frictional coefficients suggested that condylar cartilage relies on interstitial fluid pressurization to a greater extent than the corresponding contact area of the TMJ disc.
Introduction
The temporomandibular joint (TMJ), composed of the temporal fossa, mandibular condyle, and articular disc, is the only diarthrodial joint in the human head. During physiological function, the soft tissues in the TMJ are subjected to tensile, compressive, and shear loads due to a combination of translational and rotational movements (Tanaka and van Eijden 2003; Kuroda et al. 2009 ). TMJ tissues are mostly subjected to dynamic loading during chewing or talking, although static and quasi-static loading arising from clenching or grinding may also be prevalent depending on personal habits (Tanaka and van Eijden 2003; Kuroda et al. 2009 ). Unlike hyaline cartilage in other joints, the TMJ disc and condylar cartilage are fibrocartilaginous tissues with a unique composition and structure (Tanaka and van Eijden 2003; Kuroda et al. 2009 ). A dense fibrous zone composed of anteroposteriorly aligned large type I collagen bundles covers the top of the condylar cartilage, resulting in a surface roughness that is an order of magnitude higher than that of hyaline cartilage in the knee joint (Chan et al. 2011) . The TMJ disc is approximately 75% type I collagen by dry weight with region-dependent alignment directions.
Previous studies using a pendulum device determined the coefficient of friction (COF) of an intact porcine TMJ to be ˜0 .02 under physiological loading conditions (Tanaka et al. 2004; Tanaka et al. 2006) , increasing with increased loading magnitude and compression duration prior to articulation. Nickel and McLachlan (1994) studied lubrication of the disc with a similar pendulum arrangement, and although friction coefficients were initially low (˜0.005), they increased with loading time in a manner consistent with weeping lubrication (McCutchen 1962; Forster and Fisher 1996) . More recently, the group investigated the "tractional coefficient," which includes interfacial friction and plowing forces. They found that the plowing component, while considerable at high speeds and loads, is minimized at low speeds and loads (Nickel et al. 2004; Nickel et al. 2006; Nickel et al. 2009 ).
Several mechanisms have been proposed to explain the excellent lubrication properties of hyaline cartilage in diarthrodial joints. According to hydrodynamic (Wright and Dowson 1976) , elastohydrodynamic (Medley et al. 1984) , and boosted (Walker et al. 1968 ) lubrication mechanisms, contacting articular surfaces are separated by a viscous third body fluid film or gel, which can reduce friction significantly compared with solid-solid contact. In boundary lubricated contacts, cartilage surfaces are separated by a surface-bound lubricant layer (Schmidt and Sah 2007) . Weeping and interstitial fluid lubrication (IFL) theories involve pressurization of the interstitial fluid in cartilage under compression (Soltz and Ateshian 1998; Park et al. 2003; Krishnan et al. 2004; Ateshian 2009 ). The pressurized interstitial fluid supports up to 99% of the contact force, thereby reducing the load carried by friction-causing solid-solid contacts. IFL is the mechanism that distinguishes cartilage from typical tribomaterials and is regarded as the primary mechanism of joint lubrication (McCutchen 1962) .
A model surface (e.g., steel, glass, or acrylic) is often used as a counterbody to isolate and probe the properties of the cartilage surface of interest. These experiments can be subdivided into stationary contact area (SCA) and migrating contact area (MCA) testing (Caligaris and Ateshian 2008) . In SCA testing, the normal pressure remains stationary relative to the cartilage surface (e.g., cartilage explant against large flat surface; McCutchen 1962) . During such tests, the friction coefficient is initially low and increases over time as fluid "weeps" from the contact and load shifts from the fluid to the solid matrix (McCutchen 1962; Forster and Fisher 1996; Ateshian 2009 ). In MCA testing (e.g., convex body on cartilage), the contact pressure field migrates across the cartilage surface, an environment consistent with that of cartilagecartilage contacts in joints. Interstitial fluid pressure and low friction can be maintained if the migration rate greatly exceeds the characteristic flow rate of the tissue (Pe>>1; Ateshian 2009; Spilker et al. 2009 ). Although there is evidence that the TMJ disc exhibits IFL ), it is uncertain how the maintenance and restoration of fluid pressure compare with that of hyaline cartilage. To date, it remains unclear whether the degree of IFL in TMJ tissues is comparable with hyaline cartilage in other joints, as the TMJ cartilaginous tissues display a unique ultrastructure and composition.
As has been noted before, the long-term health of diarthrodial joints depends on mitigating tissue stresses, of which friction is an important source (Nickel et al. 2001 ). In the TMJ, an increase in friction has been proposed as an important factor in disorders including disc displacement (Nitzan 2001) and damaging shear at the cartilage-bone interface (Koolstra 2012) . However, the exact mechanism by which the TMJ achieves low friction is not well defined (Nickel et al. 2001) . Thus, the aims of this study are 1) to evaluate and compare the individual frictional responses of the TMJ disc and condylar cartilage and the region and direction dependence of friction properties and 2) to examine and compare the roles of IFL in the lubrication of the TMJ disc and condylar cartilage. The specific aims were chosen to determine the level of IFL in TMJ tissues and thus evaluate the active lubrication mechanisms, to further understand the friction processes within the TMJ.
Materials and Methods
Eight porcine TMJs, 4 left and 4 right joints (Green Village, NJ), were harvested for this study; this joint was selected because of its prior use as a human TMJ model (Bermejo et al. 1993; Tanaka and van Eijden 2003) . The animals were of mixed breed and sex, with an average age of 4 mo and an average weight of 90 kg. During extraction, the inferior TMJ capsule was preserved with the disc attached on the condyle head. Histology images of the central regions of disc and condylar cartilage, including hematoxylin and eosin (H&E), Picrosirius red, and Safranin O staining, were obtained to examine ultrastructure and composition. Surface roughness measurements were made on the central region of 4 samples using scanning white light interferometry (Wyko NT9100; Veeco, Camarillo, CA) after removing surface fluid with a lint-free cloth.
On the day of testing, the disc and mandibular condyle were separated ( Fig. 1A) and unbound synovial fluid on the articular surface was gently removed with a phosphatebuffered saline (PBS) rinse. The tissues were left to equilibrate in 0.15 M PBS for 30 min prior to testing. Samples were then fixed on a custom-built micro-tribometer ( Fig.  1B) , as described previously (Bonnevie et al. 2011; Bonnevie et al. 2012 ). The biconcave TMJ disc was fixed on a rigid curved plastic substrate attached to the testing frame. Friction coefficients were measured by reciprocating a stainless-steel sphere (radius = 3.2 mm, roughness = 50 nm) over a 1.5-mm sliding track on the inferior surface of the TMJ disc or the condylar cartilage surface (MCA configuration). Orthogonal capacitance sensors were used to measure the normal contact force and shear force on the sphere. The friction coefficient was calculated by dividing the mean absolute value of the forward and reverse friction forces by the mean normal force, eliminating the bias error associated with sample curvature (Burris and Sawyer 2009 ). Friction coefficient measurements were collected over the central 10% of the track after reaching a dynamic steady state (˜1-3 min) to minimize the plowing effects during transient sliding (Nickel et al. 2006) . To probe regional properties on the articular surface, contact areas were necessarily smaller than those in vivo. We assumed physiological pressures in the TMJ in the range of 0.05 to 0.5 MPa based on a 10-mm contact radius and 10-to 170-N normal forces (Boyd et al. 1990; Nitzan 1994) , which are also consistent with those measured ex situ (Nickel et al. 2004 ). Tests were conducted at a nominal load of 100 mN, which, according to Hertz's contact theory, results in a mean contact pressure of 0.25 MPa when the probe radius is 3.2 mm. The friction properties of the disc and condylar cartilage were measured at 5 different regions (anterior, posterior, central, medial, and lateral) in both the anterior-posterior (AP) and lateral-medial (LM) sliding directions at the 100-mN nominal load and a nominal sliding speed of 2 mm/s (Fig. 1C) . The nominal speed is on the low end of physiological values (Gallo et al. 2000) , chosen to minimize the potential for hydrodynamic and plowing effects (Nickel et al. 2004; Nickel et al. 2009 ) while being fast enough to satisfy the condition Pe>>1 required for IFL (Ateshian 2009; Caligaris and Ateshian 2008) . In addition, the central regions of the disc and condyle were tested in the AP direction at 6 normal loads (25, 50, 75, 100, 125 , and 150 mN) and 7 sliding speeds (0.05, 0.1, 0.25, 0.5, 1, 2, and 5 mm/s) to investigate the potential contributions of plowing friction and IFL, respectively (Fig.  1C ). The nominal values in italics above were held while the other quantity varied. The testing order was randomized and showed no effect on results. PBS supplemented with a protease inhibitor cocktail (Lu et al. 2009 ) was dripped abundantly over the entire tissue surface to flood the contact and maintain uniform hydration throughout the 3 to 4 h of testing for each sample.
Indentation creep tests were performed using a micro-indenter ( Fig.  1D ; Lu et al. 2004; Lu et al. 2009 ) to extract the biomechanical properties at the locations of frictional measurements. The sample was affixed in a medium chamber attached on a 3-dimensional ball head, enabling the tissue surface to be aligned perpendicular to a porous cylindrical indenter tip (ϕ = 1.6 mm). A 50-mN tare load was applied to the mandibular condyles for 5 min, followed by a 200-mN load for 1 h (Lu et al. 2009 ). Tests were identical for the disc, but given that it is roughly an order of magnitude softer than condylar cartilage, the tare (5 mN) and creep (20 mN) loads were reduced accordingly to maintain similar strains (Kim et al. 2003) . The creep deformation under constant loading was analyzed by a biphasic curve-fitting program (Mak et al. 1987; Lu et al. 2004 ), which simultaneously determined Poisson's ratio, aggregate modulus, and hydraulic permeability. The imposed compressive strains (<25%) were low enough to justify the use of linear small-strain biphasic theory ). Tissue thickness was measured using the needle penetration method (Hoch et al. 1983; Lu et al. 2004) .
Values reported are mean ± standard deviation unless otherwise noted. One-way analysis of variance with Tukey post hoc was performed (Origin 8.1; OriginLab, Northampton, MA) to detect statistical significance among different regions for mechanical properties. Student's t test was performed to seek significance between the orthogonal sliding directions and between roughness values for each tissue. Linear regression analysis was employed to detect correlations between mechanical properties and friction coefficients, correlations between testing conditions (speed and normal force) and friction coefficients, and correlations between frictional coefficients and Péclet number ( P Vh H k e A = / , where V = sliding speed, h = tissue thickness, H A = aggregate modulus, k = hydraulic permeability), with significance indicated by P < 0.05.
Results
Friction on the disc was significantly higher than that of the condyle when tested against stainless steel (0.074 ± 0.025 vs 0.027 ± 0.004 with data from all regions, n = 80, P < 0.0001). Both tissues demonstrated higher friction in the LM direction compared with the AP direction, and this effect was more pronounced in the disc (0.063 ± 0.015 vs 0.084 ± 0.028 for the disc and 0.025 ± 0.003 vs 0.028 ± 0.004 for the condyle, n = 40, P < 0.0001; Fig. 2A ). The central region of the disc (0.114 ± 0.023) demonstrated significantly higher friction coefficients than the anterior (0.075 ± 0.022, P = 0.011) and posterior (0.061 ± 0.013, P = 0.0004) regions in the LM direction ( Fig. 2B ), but no regional differences were detected for the AP direction in the disc or for either direction on the condyle (Fig. 2C) . The disc and condyle exhibited distinct load-and speed-dependent frictional properties, detected by linear regression. Friction on the disc was independent of speed (P = 0.98; Fig. 2D ) but decreased exponentially (R 2 = 0.99) from 0.107 ± 0.038 to 0.065 ± 0.012 (P < 0.001) as load increased from 25 to 150 mN ( Fig. 2E) . Friction on the condyle displayed a significant exponential decrease (R 2 = 0.99) from 0.053 ± 0.017 to 0.025 ± 0.003 (P < 0.0001; Fig. 2F ) as speed increased from 0.05 to 5 mm/s but showed no dependence on load (P = 0.23; Fig. 2G) .
A set of typical indentation creep data and biphasic fitting curves is shown in Figure 3A . The disc's aggregate modulus was 1 order of magnitude lower than that of the condyle (0.036 ± 0.009 MPa vs 0.25 ± 0.06 MPa; Fig. 3B , C), and its permeability was 1 order higher (10.2 ± 8.8 × 10 -15 m 4 /N·s vs 1.10 ± 0.41 × 10 -15 m 4 /N·s; Fig. 3D, E ). No significant difference in mechanical properties was detected among regions (P > 0.065 for every pair comparison).
Histologically, the ultrastructure of the disc is homogenous across its depth, consisting mainly of collagen fibers and a small amount of proteoglycans (Fig. 4A) . In contrast, condylar cartilage consists of 3 distinct, hyaline-like layers interwoven with large collagen fibers, which is covered by (B, C) Regional-and directional-dependent friction coefficients of disc and condylar head (n = 8). On the disc, the central region in the lateral-medial direction has a higher coefficient of friction than the anterior and posterior regions. No regional difference was detected on condylar cartilage. (D-G) Frictional coefficient versus sliding speed and normal load, respectively, for disc (D-E) and condyle (F-G). The normal load (100 mN) or sliding speed (2 mm/s) was fixed while the other quantity varied. Linear regression was performed to detect correlations between the friction coefficient and either sliding speed or normal load. In all plots, the asterisk (*) denotes P < 0.05. All error bars indicate 1 standard deviation.
an extra ˜4 00-µm-thick fibrous mat of collagen (Fig. 4A ). Interferometry images (Fig. 4B ) report a mean surface roughness of 12.81 ± 2.34 µm for the condyle versus 8.53 ± 2.75 µm on the TMJ disc, but the difference is not significant (n = 4, P = 0.085).
Linear regression analysis detected no statistically significant correlations between material properties and friction coefficients (P > 0.1 in all cases; Fig. 5A-D) . In addition, no significant correlation between Péclet number and friction coefficient was observed for the disc (P = 0.65; Fig. 5E ). However, a relationship between the Péclet number and COF was observed for the condyle (P < 0.0005; Fig. 5F ). As the Péclet number increased from 1,000 to 100,000, the friction coefficient on the condyle decreased exponentially (R 2 = 0.22) from 0.06 to 0.03.
Discussion
This study revealed unexpected differences between the friction properties of the TMJ disc and condylar cartilage. The friction coefficient of the disc was significantly higher than that of condylar cartilage. Speed and load dependencies offer some insight into the responsible mechanisms. Whereas condylar cartilage exhibited an exponential reduction in friction with increased sliding speed, consistent with IFL theory (Ateshian 2009 ), the disc showed no evidence of localized IFL despite having comparably large Péclet numbers. While other studies clearly demonstrated bulk IFL for the disc (Nickel et al. 2004) , our results suggest that migrating contact alone cannot restore TMJ disc hydration after exudation.
This supports the notion that the biphasic nature of the tissue and Pe>>1 are necessary but not sufficient to maintain IFL. Higher strain was observed in the disc, although the loading on it is smaller than that on condylar cartilage (20 mN vs 200 mN). Biphasic mixture theory curve fits are shown as solid lines. (B, C) Regional aggregate moduli for the disc and condylar cartilage. (D, E) Regional permeability for the disc and condylar cartilage. All mechanical properties were determined by curve fitting the creep deformation with linear biphasic theory. No significant regional differences were detected for either tissue or property (n = 8, P < 0.05). Data restore was used to interpolate over regions of missing data smaller than 35 pixels, with the entire image comprising 640 × 480 pixels, representing an area of 1 mm 2 . Anteriorposterior alignment of collagen fibers is visible in the disc. In each tissue, the anterior-posterior direction runs vertically.
Although interstitial fluid has more paths to escape the disc, due to the lack of subchondral bone, this is not a significant factor in the lack of disc IFL. In contrast with the present results, the meniscus, another fibrous joint tissue with no impermeable subchondral bone, showed even lower friction coefficients than those of knee hyaline cartilage in our previous experiments with the same device and setup . While no dependence of friction on speed was detected, the friction coefficient of the disc was proportional to force to the -0.328 power ( Fig. 2F ; best power-law fit not shown), which is in line with the theoretical -1/3 power predicted for a Hertzian contact lubricated by a boundary lubricant of fixed shear strength. The disc is distinguished from hyaline cartilage and meniscus in its inability to promote detectable IFL in MCA sliding.
Although condylar cartilage displayed significant evidence of IFL, this tissue is also functionally different from hyaline cartilage in the knee. Our past studies of knee cartilage yielded frictional variations on the order of 10× over the speed range studied here, while friction of TMJ cartilage varied by less than 2×, a change indicative of ˜5 0% interstitial load support compared with 80% to 90% in knee cartilage under identical testing conditions (Bonnevie et al. 2011) . The observation of limited cartilage IFL here may be related to the lack of proteoglycans in the 400-µm-thick superficial fibrous zone, which we would expect to increase permeability (Fig. 4A) . Deformations during MCA testing in this study were limited to ˜1 00 µm, and thus contact stresses were largely contained within this superficial layer.
This also helps explain the poor correlation between frictional and mechanical properties ( Fig. 5A-D) . Whereas the frictional response was mainly driven by superficial zone properties, the indentation response was likely more sensitive to the proteoglycan-rich subsurface domain. In addition, both TMJ tissues exhibited unexpectedly small values of equilibrium friction coefficient of ˜0 .07 (toward the limit of zero speed). Measurements of the equilibrium friction coefficients for knee cartilage and meniscus under the same conditions produced values an order of magnitude larger (Bonnevie et al. 2011) . The results suggest that the TMJ is not as reliant on IFL as the knee and may be better equipped for sliding following long-term static loading, potentially because of improved boundary lubricity. These 2 interesting results (minimal time-dependent rise in friction and low equilibrium friction) are consistent with literature reporting that friction of the TMJ increased only marginally with loading time, rising merely 1.5× after 45 min of loading (Tanaka et al. 2004) , while friction of hyaline cartilage increased by 20× to 60× over comparable durations (Forster and Fisher 1996; Caligaris and Ateshian 2008) .
The results imply some clinically relevant factors regarding the maintenance of healthy lubrication in the TMJ (Fig.  5G ). Condylar cartilage relies on interstitial fluid pressurization, for which the mechanical integrity of the collagen network and the existence of a dense fibrous top zone with high tensile strength are crucial Hosseini et al. 2014) . While the TMJ disc does not promote detectable IFL under the present testing conditions, our results indicated that boundary lubrication can be crucial for the disc. Therefore, the morphological integrity, surface roughness, and efficacy of joint lubricants appear to be critical in minimizing disc friction. In addition, the importance of boundary lubricants in mitigating disc friction may lend support to the debated practice of intra-articular lubricant injections (de Souza et al. 2012) .
There are several limitations in this work. First, flushing the joints with PBS was performed to ensure a consistent testing environment, although this condition differs from that in vivo. Second, the mixed background of the tested animals likely increased variability and discouraged detection of regional differences previously reported in the literature (Kim et al. 2003; Lu et al. 2009 ). Nevertheless, greater variability improves generalization of results. In addition, although the MCA configuration maintains IFL as would be the case with motion in vivo, it also introduces an unknowable plowing force. However, we used low speeds, low loads, steady-state conditions, and measurements from the center 10% of the track, all of which attenuate the contribution from plowing ). Our previous study using similar conditions revealed no significant difference in friction coefficients when the probe radius varied by a factor of 2 (Bonnevie et al. 2011) , which would increase the plowing component by increasing the frontal area per normal area. Furthermore, increased load in this study caused decreased friction, despite increasing the plowing component for the same reason given above. Lastly, the experiments in this study used microscale contact in MCA sliding to probe the regions of each tissue that are mated in vivo. This necessarily limits the nature of any conclusions regarding the intact joint, as components such as the retrodiscal tissue were not considered or tested. Although the present results indicate that only condylar cartilage employs IFL, and to a lesser extent than hyaline cartilage, this does not preclude the possibility that IFL occurs within the intact TMJ. The larger contact area ensures that the proteoglycanrich bulk participates in load support, which we believe would enhance IFL in condylar cartilage.
